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Abstract 
In North of Mexico City were measured the global-horizontal solar radiation from 1999 until 2012. Average 
radiations are disclosed for each of the months and annual averages with corresponding standard deviation. The solar 
irradiance data were recollected during fourteen consecutive years at the interval time of one minute. The used 
pyranometer was Yankee Environmental Systems, model TSP-1. The average annual radiation obtained during 14 
years is 18.01 MJ/m2 day, which is equivalent about to 5.0 kWh/m2. The minimum average of 17.04 MJ/m2 was 
found in the year 2002, and a maximum of 19.99 MJ/m2 in 2011. For the specific month-based averages, the 
minimum value was recorded generally for December, with 14.90 MJ/m2 and the maximum average for April, with 
21.60 MJ/m2. It will be also revealed the incident energy differences between the North-South geographical entities 
in Mexico City. The distance between the North and South sites are about 21.25 km. 
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_________________________________________________________________________________________________________ 
 
1. Introduction 
 
As of 2010 census, Mexico City has a population just over 20 million, making it the largest 
metropolitan area in North America followed by the New York metropolitan zone. The city is located in a 
big valley at about 2,240 meters above sea level in the trans-Mexican volcanic belt, and surrounded by 
mountains that reach elevations of over 4,000 meters [1, 2]. The coming solar radiation interacts with the 
urbanized atmospheric environments. So, the entering radiation energy depends of the local environment, 
the interactions with the involved ambient.  
In many cities, the natural Earth surfaces are substituted by different man made, or artificial resources 
with different thermal capacities and conductivities as asphalt on the streets, concrete based buildings  
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over the land, etc. The land-superficial modification and different anthropogenic factors may contribute to 
the climate provoking diverse localized micro environments within the urban area. A natural geographical 
factors as latitude, topography, vegetation, surface albedo and water bodies are determinant climate 
factors. Nevertheless, also anthropogenic factors, such as density of population, the material used for the 
construction, the emitted heat and air pollutants may have to be considered for the climate and its 
influences to the solar radiation [3]. (see Appendix A for solar irradiation concept) 
Since 1999 we started solar irradiation measurement at the Electrical Engineering Department (EED), 
located at the North Mexico City [4]. The global-horizontal radiation was measured during fourteen 
consecutive years at the interval time of one-minute. Average solar irradiations were calculated for each 
month and also for an annual basis. The solar irradiance were measured using Yankee Environmental 
Systems, model TSP-1, a pyranometer with an integrated signal amplifier circuit.  
The present work describes the measured solar irradiance and at the same time, to make correlation with 
the Mexico City´s climatic influences provoked by a densely urbanized environmental condition [5]. It 
will review the incident energy for the North and South geographical locations in Mexico City. The 
distance between the north and south locations was about 21.25 km and it was observed slight irradiance 
profile differences between the measured locations. 
 
2. Solar radiation monitoring 
 
The EED of CINVESTAV is located at 19° 30' 38'' North-latitude, 99° 07' 50'' West-longitude at the 
altitude of 2,243 m. The EED roof is equipped with Yankee Environmental System precision spectral 
pyranometer model TSP-1, which is shown in Fig. B1, Appendix B. 
The TSP-1 measures the global radiation, or total solar radiation in a horizontal surface. The data from 
pyranometer was logged in a HOBO data storage system in an every minute basis.  In the other hand, we 
have made every year the pyranometric comparisons at the UNAM campus, by means of calibrated 
references recognized by the World Meteorological Organization (WMO). This makes reliable and keeps 
pyronometer calibrated during the time we acquire solar radiation. 
 
3. Solar energy resource 
 
3-1 Annual average irradiation 
  
Monthly based measurements of the solar irradiation through fourteen consecutive years are shown in 
Fig. 1. Inset the figure, indicates the average irradiation for the corresponding year in mega-Joule per 
square-meter per day (MJ/m2). The highest averaged irradiance was detected for 2011, with 19.99 MJ/m2 
and the minimum value was in 2002 with 17.04 MJ/m2. From the figures, for example in 2007, it had an 
almost the same irradiation during five consecutive months (March to July) with an average value of 
18.07 MJ/m2. In the other hand, if we analyze the irradiance through 1999 to 2012, the irradiation during 
the first 6 years from 1999 to 2004, was about 17.28 MJ/m2. Even though, this average increased 
substantially to about 18.61 MJ/m2 (with an exception of 2008) in the period from 2005 to 2012. It means 
more than a 1.33 MJ/m2 or 7.7 % energy increment was observed for the last 8 years.  
 
3-2 Monthly average irradiation 
 
Fig. 2 shows monthly averaged solar radiation from January to December for the fourteen consecutive 
years. The total average solar irradiance during the period of 1999 - 2012 was 18.01 MJ/m2 with the 
standard deviation of 2.20 MJ/m2. March had the lowest irradiance deviation with 1.08, and maximum  
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Fig. 1. Annual averaged solar irradiation disclosed per month-basis (1999 to 2012). 
 
deviation occurred in June, with 2.18 MJ/m2. It means the North Mexico City had an average of 5 kW-
h/m2 irradiance +/- 0.6kWh/m2 a day from the fourteen years. April showed the largest solar energy 
available month with 21.6 MJ/m2. But March and May, are also higher than 20 MJ/m2. While December 
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was the lowest month with 14.9 MJ/m2. As for month averages, the lowest month through the years were 
January and December, while the highest values were March to May. 
The obtained solar irradiation profile for different months is compared to satellite derived information, 
which has been performed by Galindo, Castro and Valdés. They obtained solar radiation data for the 
Mexican Republic from 1982 to 1984, and identified two different seasons; one from October to April, 
where the atmosphere is quite dry, and the other from May to September, where the precipitation and 
water vapor affects strongly [6]. The demonstrated irradiation profiles were quite similar to our average 
data shown in Fig. 2. Galindo et. al. also analyzed the latitude affectation as a topological aspects from 
15° to 32° North-latitude in a same satellite derived interpretations. Mexico City, where is located at the 
North-latitude at around 19°, the irradiation patterns through the months, had good profile-correlations. 
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Fig. 2 Monthly averaged solar radiation from January to December for the fourteen (1999-2012) consecutive years.  
 In the figure shows the corresponding standard deviation in per month-basis also in MJ/m2.  
 
 
3-3 Disclosed monthly average irradiation 
 
Fig. 3 shows the monthly-based solar irradiance for each of the corresponding year from 1999 to 
2012. Inside the figure indicates each of the month-based averages for the fourteen years as summarized 
in Fig. 2. As has discussed, June had the highest deviation and it is appreciated in the figure. Also as has 
been discussed and demonstrated in the Fig. 1, the average increment of the solar irradiance throughout 
the years (2005 to 2012) is visualized for the months of October in the Fig. 3. October has three higher 
values from 2010 to 2012, and some other months as May can be appreciated clearly how much it 
contributes for the mentioned irradiation increments throughout 2005-2012 interval. In an Appendix C, it 
is given the local temperature data for the CINVESTAV-zone or the corresponding to North Mexico City. 
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Fig. 3 shows the monthly solar irradiance for each corresponding year, 1999 to 2012. 
 
4. North - South Solar irradiance comparison  
 
Solar irradiation comparison between North and South locations were made at Mexico City. For some 
of the specific days, it have compared and analyzed the North, at EED-CINVESTAV with South, the 
Solar Radiation Observatory (ORS as Spanish acronym) at the Institute of Geophysics of the National 
Autonomous University of Mexico (UNAM). The ORS is located at 19° 20 '01'' North-latitude and 99° 
11' 54'' West-longitude at the altitude of 2,268 m. The distance between North and South sites are of 
about 21.25 km. 
Fig. 4a shows the measured solar irradiance in October 22, 2004 at both campuses. Throughout the 
city of Mexico, it was observed clear sky during the mentioned day, however, the distance North-South of 
about 21 km, resulted in the shown differences. This difference could be due to the natural humidity 
differences or aerosol related conditions. But for the moment, we do not own interpretation for the  
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Fig. 4a. Comparison of the solar irradiation in Mexico City; at North (CINVESTAV) and South (UNAM). 
Date: October 22, 2004. The given radiation energy in the intervals are about 17.77 MJ/m2, however, in a whole day is about 18.97 
MJ/m2). Fig. 4b Measured irradiation on January 18, 2004. Some irradiance energy differences are noted between the sites around 
11:00 to 14:00 hrs. 
 
resulted differences. The calculated energy differences between the locations are about 0.959%. Another 
measurement was made in January 18, 2004, one of the clearest skies in the City which is characteristic of 
winter season and is shown in Fig. 4b.  The total irradiance for both locations is practically the same. In 
the measured intervals from 8:30 to 17:00 hrs, the irradiance difference between the entities represents 
only 0.00218%, almost nothing. However, detailed observation of the Fig. 4b, it reveals slight 
mismatches around mid-day from 11:00 to 14:00hrs, between North and South sites. 
We have chosen five different clear-sky days during the same year of 2004, and the detected energy 
differences between North-South sites resulted from 0.002 to 2.3%.  We think that the detected irradiance 
differences in a clear-sky day are not only due to the natural atmospheric conditions as humidity or 
aerosol differences, but also due to the pollutants. We are now correlating some of the pollutant-indices 
from the National Observatory as dust and ozone. Normally, the South of Mexico City has a higher 
density of ozone than that of North-sites due to the abundant amount of trees at the Southern mountain 
ranges where the pollutant as NOx provokes reaction producing higher ozone emission. Also during the 
winter season “appears” so called atmospheric thermal inversion, which concentrates pollutants in the 
lower atmosphere layer due to the lack of thermal dispersion with almost null wind. 
 
5. General discussion 
 
The measured solar irradiation during fourteen consecutive years, it can predict the minimum 
obtainable solar energy in the City´s metropolitan zone with an extension of about 7,850 km2. We have 
found the higher and lower irradiance months with its corresponding standard deviations and averages 
throughout measured years. Now, the comparative measurements between the North-South locations 
resulted in almost the same irradiation energy for a clear sky days. However, detailed analysis has 
revealed small incidental radiation variation through the mid-day-time, which could be attributed not only 
to a natural ambient or a local climate differences due to the distance of 21.25 km, but also due to local 
pollutants. The measurements of the solar energy and it´s differences, may predict the precise solar power 
behavior in city´s urbanized surfaces. 
(a) (b) 
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The present information should help to determine with minimum error the needed solar array size, or 
the calculation of battery storage requirement, which makes better payback predictions, including carbon 
dioxide emission offsets.  
The acquired data are intended to be useful for the solar installers, residents and engineers when 
designing photovoltaic systems, passive or active solar thermal system and also building contractors. The 
weather forecasting processes may have to be considered for more reliable solar energy predictions and 
its interpretations for the given geographical localization. 
  
6. Conclusions 
 
It has been measured solar radiation during fourteen consecutive years at North Mexico City. The 
detected average irradiation was about 18 MJ/m2 per day, equivalent to 5 kWh/m2. The most irradiated 
months were March to May, being the highest in April with 21.6 MJ/m2, while the corresponding 
minimum irradiated months are November to January, but December was the lowest with 14.9 MJ/m2. 
From the solar irradiance comparisons between North and South locations, it was detected slight 
irradiance profile differences during the measured couple of days, probably due to the natural atmospheric 
conditions but also due to the anthropogenic processes. 
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Appendix A.  Solar radiation constants and definitions [7] 
 
The Sun, generate huge amounts of energy through the process of nuclear fusion. The Sun, an 
unremarkable medium-sized star, produces a total power of about 3.9x1026 W. Fundamental physical laws 
tell us that the intensity of this radiation decreases as the inverse square of the distance from the sun. The 
solar constant (So) is defined as the average power per unit area of solar radiation falling on the surface of 
an imaginary sphere of radius R around the sun: 
So = E/(4π R2) = 1370 W/m2, where R is the average Earth-S un distance, about 150 million Km. The 
solar "constant" actually fluctuates a little and, the energy which Earth receives varies with the seasonal 
change in the Earth-Sun distance. If one astronomical unit (AU) is the average Earth-Sun distance, then 
the amount of solar radiation reaching Earth varies according to: 
 
Smax = So/(1 - e)2 = So/(0.983)2 = 1417 W/m2 
Smin = So/(1 + e)2 = So/(1.017)2 = 1324 W/m2 
 
Global solar radiation is the total amount of solar energy falling on a horizontal surface. The daily 
global solar exposure is the total solar energy for a day. This energy received at the Earth's surface can be 
separated into two basic components: direct solar energy and diffuse solar energy. Direct solar energy is 
the energy arriving at the Earth's surface from the Sun's direct beam, on a plane perpendicular to the 
beam, and is usually measured by a pyrheliometer mounted on a solar tracker.  
Diffuse solar radiation is the total amount of solar energy falling on a horizontal surface from all parts 
of the sky apart from the direct sun. The daily diffuse solar exposure is the total diffuse solar energy for a 
day. The values are usually highest during the cloudy conditions and lowest during clear sky days. The 
diffuse exposure is always less than or equal to the global exposures for the same period. Diffuse solar 
irradiance is a measure of the rate of incoming solar energy on a horizontal plane at the Earth's surface 
resulting from scattering of the Sun's beam due to atmospheric constituents. Diffuse solar irradiance is 
measured by a pyranometer, with its glass dome shaded from the Sun's beam. (see Appendix B) 
Global and diffuse irradiance will be equal when the contribution from direct solar irradiance is zero, that 
is, when the Sun is obscured by thick cloud, or the sun is below the horizon. 
The remaining energy from the beam is either scattered back into space, or absorbed by the atmosphere. 
The combination of both forms of solar energy incident on a horizontal plane at the Earth's surface is 
referred to as global solar energy and all three quantities (specifically their rate or irradiance) are linked 
mathematically by the following expression: 
 
Eg = Ed + Eb cos(z) 
 
where: Eg = global irradiance on a horizontal surface, Ed = diffuse irradiance, Eb = direct beam irradiance 
on a surface perpendicular to the direct beam, z = Sun's zenith angle. By measuring the three components 
independently, a useful quality assurance test is immediately available by comparing the measured 
quantity with that calculated from the other two. 
Radiation quantities are generally expressed in terms of either irradiance or radiant exposure. 
Irradiance is a measure of the rate of energy received per unit area, and has units of watts per square 
meter (W/m2), where 1 watt (W) per second is equal to 1 Joule (J). Radiant exposure is a time integral (or 
sum) of irradiance. Thus a 1 minute radiant exposure is a measure of the energy received per square meter 
over a period of 1 minute. Therefore a 1-minute radiant exposure = mean irradiance (W/m2) x 60(s), and 
has units of joule(s) per square meter (J/m2). A half-hour radiant exposure would then be the sum of 30-
minute (or 1800-second) radiant exposures. For example: a mean irradiance of 400 W/m2 over 1 minute 
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yields a radiant exposure of 2400 J/m2 or 2.4 KJ/m2. As reference, Fig. A1 shows the direct, diffuse, and 
total (or global) irradiation for a standard atmosphere condition, with the air mass of 1.5.  
 
 
Figure A1. Direct, diffuse, and total (global) irradiation for a standard atmosphere, with relative air mass of 1.5 [7]. 
 
 
 
Appendix B.  Specification of the Pyranometer Yankee Environmental Systems Model TSP-1 
 
 
            
 
Fig. B1. Solar Pyranometer Yankee Environmental Systems Model TSP-1 (or TSP700/A) 
 
Pyranometer TSP-1 specification  
Spectral response 0.3 to 3 Pm 
Resolution 1W/m2 
Sensitivity: 2.0 mV/m2 
Cosine response: better than +/- 1% for a +/- 75° to 85° zenith angle 
Temperature dependence: Less than 1% of full scale over ambient temperature of -50 to 50°C 
Response time: Aprox. 1 sec 
Linearity: 0.5% (0 – 1400 W/m2) 
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Axial asymmetry: Less than 0.1 of 1% 
The TSP-1, internal electric circuit amplify the detected signal transforming lineally from 0 to about 2.0 
volt signals as solar irradiations. 
 
 
Appendix C.  Temperature averages in North Mexico City. 
 
Table 1. Local climate data for CINVESTAV-zone (Gustavo A. Madero)  
Climate data for Gustavo A. Madero, D.F. (1951-2010) 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Record high °C  37.0 31.0 38.5 35.0 36.5 35.0 30.0 29.5 30.0 30.5 31.0 29.0 38.5 
Average high °C  22.7 24.4 27.0 27.9 27.7 25.9 24.4 24.5 23.9 23.8 23.3 22.2 24.8 
Daily mean °C  13.4 14.8 17.2 18.8 19.4 19.1 18.1 18.1 17.8 16.6 15.0 13.5 16.8 
Average low °C  4.1 5.3 7.5 9.6 11.1 12.2 11.7 11.7 11.6 9.5 6.8 4.9 8.8 
Record low °C  −7.5 −5.0 −1.0 −1.0 0.9 5.5 6.0 7.0 0.0 −5.0 −6.5 −6.0 −7.5 
Precipitation mm  8.9 6.8 10.2 23.6 48.6 104.9 121.2 118.5 98.0 48.8 13.4 5.3 608.2 
Avg. precipitation days  
(≥ 0.1 mm) 1.8 1.8 2.6 6.1 10.0 14.9 18.0 17.5 14.0 7.6 2.9 1.6 98.8 
Source: Servicio Meteorológico Nacional [8]. 
 
 
 
 
 
 
